Abstract: Hsp90 is a dimeric molecular chaperone that undergoes an essential and highly regulated open-to-closed-to-open conformational cycle upon ATP binding and hydrolysis. Although it has been established that a large energy barrier to closure is responsible for Hsp90's low ATP hydrolysis rate, the specific molecular contacts that create this energy barrier are not known. Here we discover that bacterial Hsp90 (HtpG) has a pH-dependent ATPase activity that is unique among other Hsp90 homologs. The underlying mechanism is a conformation-specific electrostatic interaction between a single histidine, H255, and bound ATP. H255 stabilizes ATP only while HtpG adopts a catalytically inactive open configuration, resulting in a striking anti-correlation between nucleotide binding affinity and chaperone activity over a wide range of pH. Linkage analysis reveals that the H255-ATP salt bridge contributes 1.5 kcal/mol to the energy barrier of closure. This energetic contribution is structurally asymmetric, whereby only one H255-ATP salt-bridge per dimer of HtpG controls ATPase activation. We find that a similar electrostatic mechanism regulates the ATPase of the endoplasmic reticulum Hsp90, and that pH-dependent activity can be engineered into eukaryotic cytosolic Hsp90. These results reveal site-specific energetic information about an evolutionarily conserved conformational landscape that controls Hsp90 ATPase activity.
Introduction
The highly conserved family of Hsp90 molecular chaperones (Hsp90a/b in the cytosol, Trap1 in mitochondria, Grp94 in the endoplasmic reticulum) are believed to interact with substrate proteins in their late folding stage. 1, 2 Hsp90 has specific regulatory effects in eukaryotes because some Hsp90 substrate proteins are involved in cellular signaling and cell proliferation. [3] [4] [5] Therefore, Hsp90 has been a longstanding pharmaceutical target to inhibit the growth of cancer cells. The ability of Hsp90 to bind and hydrolyze ATP is critical for its function. 6, 7 Indeed, the main class of Hsp90 inhibitors all prevent ATP binding. 8 Hsp90 is a dimer in which each monomer has three domains: N-terminal (NTD, salmon, Fig. 1 ), middle (MD, sky blue) and C-terminal (CTD, lime). 9 The CTD contains a dimerization interface, and the NTD has a nucleotide binding site. The open state of Hsp90 is hydrolytically inactive. ATP binding stabilizes the closed, hydrolytically active, state of Hsp90. 10 Two closed states of Hsp90, symmetric 11 and asymmetric, 12 have been observed crystallographically. Although the role of structural asymmetry in Hsp90's ATPase cycle is not well established, functional asymmetry has been proposed for Hsp90/ co-chaperone complexes [13] [14] [15] and Hsp90/substrate interactions. 16 Among the many conformational
changes accompanying the open/closed transition, there is a large displacement of the NTD relative to the MD (Fig. 1 ). This movement rearranges (2200 Å 2 ) of surface buried between the NTD and MD.
Although NTD displacement of HtpG by a model substrate protein has been linked to ATPase activation, 16 little is known about the molecular and explanation of why these mutations affect ATPase activity has been elusive. While performing routine activity experiments, we discovered that HtpG displays a pH-dependent activity that is significantly different from other Hsp90 homologs. Here we show this behavior is due to a conserved molecular mechanism that regulates Hsp90 ATPase via a conformation-specific electrostatic interaction. In the open state, the nucleotide phosphate groups make close contact with H255, whereas H255 is 32 Å away from the nucleotide in the closed state (Fig. 1) . A sequence alignment indicates that histidine at position 255 is unique to HtpG versus other Hsp90 homologs [ Fig. 6(A) ].
Results

pH-dependent activity of HtpG
The H255A mutation exhibits an altered pHdependence for both k cat and K m compared to wt HtpG ( Fig. 3 inset, S1 ). Since H255A exhibits a residual pH-dependence we calculate the fold activation of H255A over the wild-type to determine the specific impact of H255. The resulting bell-shaped pH profile [ Fig. 3(A) ] suggests an underlying electrostatic mechanism whereby both the ATP phosphate group and H255 participate in a salt bridge interaction. Specifically, since both histidine and the ATP g-phosphate are titratable, a salt bridge between these groups would only exist under the range of pH at which the histidine is positively charged and the ATP g-phosphate is negatively charged.
The proposed salt-bridge explanation described above can be quantified in a linkage model, shown in Figure 3 
Structural asymmetry in the HtpG activation mechanism
The fitting described above involves only one H255-ATP salt bridge, despite the dimer architecture of Hsp90. Although a model with two salt bridges could be constructed, we sought experimental evidence to determine the energetic contribution of one versus two salt bridges on the HtpG dimer.
To engineer one salt bridge per HtpG dimer, we constructed heterodimers with a mutant (D80N) known to prevent nucleotide binding. 6 Similar to established protocols, 22 HtpG heterodimers were constructed via a 9-fold excess of D80N followed by a long incubation to allow for monomer exchange (Methods). This experimental design enables the number of salt bridges to be directly compared against activity, as shown schematically in Figure  4 (A). Here, the ATPase is reported by the active concentration of HtpG, that is, the ATPase is not normalized by the concentration of D80N. At pH 6.6 [the pH of maximal ATPase enhancement by H255A, Fig. 3(A) ] we find that the two saltbridge dimer (wt homodimer) has similar activity as the one salt-bridge heterodimer (wt:D80N). In contrast, the one salt-bridge heterodimer (wt:D80N) is far less active than the zero salt bridge dimer (H255A homodimer), indicating that only one salt bridge per HtpG dimer is contributing to ATPase activation. The zero salt bridge dimer (H255A homodimer) has similar activity as the zero salt bridge heterodimer (H255A:D80N), demonstrating that the D80N construct does not interfere with activity on the opposite arm, consistent with previous observations. 25 As expected, D80N homodimer has no activity. As a further control, we measured the same constructs at pH 9.3, under which conditions all constructs have zero salt bridges, and as anticipated these constructs have comparable activity. We conclude that the energetic contribution of the H255-ATP salt bridge is structurally asymmetric, whereby breaking only one H255-ATP saltbridge per dimer of HtpG confers ATPase activation. More specifically, it is the transition between one salt-bridge and no salt-bridge that contributes to the closure energy barrier. We also conclude that the use of only a single salt bridge in the linkage model in Figure 3(B) is appropriate.
Anti-correlated nucleotide binding affinity and ATPase activity
The pH-dependent H255-ATP salt-bridge strongly represses activity by stabilizing ATP binding in the catalytically inactive open state. This mechanism suggests an energetic trade-off between ATP binding and ATPase activation. Indeed, numerical simulations (Methods) predict a simple reciprocal relationship between effective binding affinity (K a ) and k cat (Supporting Information Fig. S3 ).
Our experimental data exhibits this predicted trade-off between affinity and activity. Specifically, we evaluated the impact of H255 on the effective K a (1/K m ) from the Michaelis-Menten curves in Supporting Information Figure S1 (A). The specific impact of H255 was calculated via the K a ratio of H255A/wt. The resulting bell-shaped pH-profile [ Fig.  5(A) ] is similar in shape, but in the opposite direction, as the increase in k cat in Figure 3(A) . The reciprocal trade-off between affinity and activity is shown in Figure 5B . One outlier point is observed at the extreme low pH range (pH 5.1). The conclusion [shown qualitatively in Fig. 5(C) ] is that H255 provides a mechanism by which nucleotide binding and the open-to-closed transition are in a direct energetic trade-off.
Evolutionarily conserved conformational energy landscape of Hsp90
The sequence alignment in Figure 6 (A) illustrates that although a histidine at position 255 is only found in HtpG, a Grp94 lysine (K364) may form a similar salt bridge, albeit one that will not titrate over neutral pH. The K364 sidechain is not visible in the canine Grp94 open-state crystal structure, however, modeling shows that a K364-ATP interaction is possible [ Fig. 6(B) ]. The K364A mutant of Grp94 is activated four-fold, extending the underlying mechanism to the ER-resident family of Hsp90s.
The polar residue in the corresponding site of H255 in cytosolic Hsp90s (N298 for Hsp82) presents an opportunity to differentiate between an electrostatic interaction versus hydrogen bonding. The modest increase in activity for Hsp82 N298A [ Fig. 6(C)] shows that hydrogen bonding provides a minimal stabilization of ATP in the open state. In contrast, N298H has strongly pH-dependent activity, similar to HtpG. This engineering of pH-dependent activity in Hsp82 extends the underlying conformational energy landscape to cytoplasmic Hsp90s.
Discussion
A working description of the ATP-driven conformational cycle of Hsp90 has emerged from the collective work of the multiple labs employing multiple experimental methods (crystallography, SAXS, FRET, EM, NMR). 11, 17, 20, 26, 27 The ATP-driven cycle is functionally important, as illustrated by Hsp82 mutations that are close to the ATP binding pocket having strong detrimental effects on yeast viability. 28 However, much less is known about the structural and energetic basis for the timing of Hsp90's progress through its conformational cycle. Revealing specific residues that control the Hsp90 conformational energy landscape is necessary for understanding regulation by co-chaperones, substrate proteins, and post-translational modifications.
Here, we discover that a single contact between H255 and ATP is responsible for pH-dependent HtpG activity. A linkage model describes how the titration of H255 and ATP results in a bell-shaped pH-dependent activity profile (Fig. 3) . This model correctly predicts the observed anti-correlation between ATP binding affinity and activity (Supporting Information Fig. S3, 5) . This is the first predictive model that connects Hsp90 structure to specific molecular contacts and their influence on the ATPase rate. Although H255 is unique to bacterial Hsp90, a similar underlying mechanism is present in Grp94 and can be engineered into Hsp82 (Fig. 6) . We conclude that stabilizing interactions between the NTD and MD play a key role in controlling activity in the Hsp90 family.
The energetic contribution of the H255-ATP salt bridge is structurally asymmetric (Fig. 4) . Specifically, it is the transition between one salt-bridge and no salt-bridges that contributes to the closure energy barrier. This observation suggests that compensating interactions can be formed after breaking the first salt-bridge. Our finding adds to a growing list of experimental measurements highlighting functional importance of asymmetry in Hsp90. 12, 15, 25 SAXS measurements of HtpG previously identified a pH-dependent conformational change controlled by histidine 446. 29 dependent activity (Fig. 2) . More work is needed to determine the origin of the residual pH dependent activity of H255A. H255 is not universally conserved in Hsp90 from bacteria. Rather, H255 is primarily found in Hsp90s from actinobacteria, proteobacteria, and spirochaetes, but is absent in cyanobacteria and firmicutes. The possible biological meaning behind this pattern of conservation is not yet clear. We speculate that the H255-ATP interaction mechanism allows HtpG to act as a "holdase" chaperone under acid shock conditions with a relatively low energy cost via keeping itself in an open inactive state.
Methods
HtpG and variants were expressed in E. coli BL21 cells. The vector, pET-151D, contains a 6 3 His-tag and TEV cleavage site. Cells were grown at 378C in LB and induced at OD 600 50.6$0.8 with 1mM IPTG. HtpG and variants were purified by Ni-NTA affinity chromatography, followed by TEV cleavage of the His-tag, ion exchange chromatography (GE) and size-exclusion chromatography by superdex S-200 column (GE). SDS PAGE gels demonstrate complete digestion of the 6xHis-tag. Hsp82, Hsp90a, Grp94 were expressed and purified as previously described. 10, 13, 14 HtpG heterodimers were constructed via a 9-fold excess of D80N, followed by a 30 minute incubation at 308C. The ATPase values in Figure 4 (B) are normalized to the active concentration of HtpG or H255A monomer, similar to previously established methods.
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ATPase measurements
ATPase activity was measured with on a plate reader (BioTek) as previously described 12 with different buffers (pH 5.1-6.2 50 mM MES; pH 6.6 50 mM HEPES; pH 7.3-pH 9.3 50mM Tris). ATP hydrolysis rates of 1.5 lM dimer HtpG, Trap-1, Grp94, and Hsp82 were measured by the rate of NADH consumption via changes in absorption at 340nm. Activity measurements of HtpG, Trap-1, Grp94 and Hsp82 were performed at 258C, 308C, 408C and 408C, respectively. Assay components contained 400 lM NADH, 800 lM phosphoenolpyruvic (PEP), 50 U/ml pyruvate kinase (PK), 50 U/ml lactate dehydrogenase (LDH) and 15 mg/mL BSA. 1 mM CaCl 2 was included in Grp94 activity measurements. For ATPase saturation measurements ATP and MgCl 2 were used in stoichiometric concentrations with 150 mM KCl. Activity data was fit by the MichaelisMenten equation:
Linkage model curve fitting
The experimental data in Figure 3 (A) is fit to a linkage model summarized in Figure 3 17 Curve fitting results are independent of K C if K C ( 1. An offset value, C, accounts for modest differences in activity of H255A and wild-type HtpG at high pH -this fit value is relatively small (C 5 0.51).
Numerical simulations
Numerical simulations were performed in Matlab.
The salt bridge energy calculations in Figure 3 (C) utilized Eq. (2) with the experimentally-determined fit parameters (pK ATP a 5 5.9 and pK His a 5 7.1) and variable E sb values over a wide range of pH.
To simulate the anti-correlation between K a and k cat (Supporting Information Fig. S3) we extended the linkage model to include apo open configurations. Michaelis Menten saturation curves were calculated under a wide range of pH using C) The N298H variant of Hsp82 exhibits pH-dependent activity similar to HtpG. The N298A variant increases activity modestly. Error bars are the SEM for at least three measurements.
